The mechanisms that lead to the altered uterine gene expression in women with endometriosis are poorly understood. Are these changes in gene expression mediated by proximity to endometriotic lesions or is endometriosis a systemic disease where the effect is independent of proximity to the uterus? To answer this question, we created endometriosis in a murine model either in the peritoneal cavity (proximal) or at a subcutaneous remote site (distal). The expression of several genes that are involved in endometrial receptivity (homeobox A10 [Hoxa10], homeobox A11 [Hoxa11], insulin-like growth factor binding protein 1 [Igfbp1], Kruppel-like factor 9 [Klf9], and progesterone receptor [Pgr]) was measured in the eutopic endometrium of mice transplanted with either proximal or distal endometriosis lesions. Decreased expression of Hoxa10, Igfbp1, Klf9, and total Pgr genes was observed in the eutopic endometrium of mice with peritoneal endometriosis. In the mice with distal lesions, overall expression of these genes was not as severely affected, however, Igfbp1 expression was similarly decreased and the effect on Pgr was more pronounced. Endometriosis does have a systemic effect that varies with distance to the end organ. However, even remote disease selectively and profoundly alters the expression of genes such as Pgr. This is the first controlled experiment demonstrating that endometriosis is not simply a local peritoneal disease. Selective alteration of genes critical for endometrial receptivity and endometriosis propagation may be systemic. Similarly, systemic effects of endometriosis on other organs may also be responsible for the widespread manifestations of the disease.
Introduction
Endometriosis is an estrogen-dependent disorder that affects 5% to 10% of reproductive-age women causing pelvic pain, dysmenorrhea, and infertility. 1, 2 The defining characteristic feature of endometriosis is the ectopic growth of endometrial stromal and glandular cells outside the uterine cavity. Endometrial lesions commonly occur in the peritoneal cavity, however, they occur rarely at sites remote from the peritoneal cavity and the uterus. [1] [2] [3] Common explanations for the etiology and pathophysiology of endometriosis include Sampson theory of retrograde menstruation accounting for the peritoneal lesions, however, metastatic hematologous or lymphatic spread of menstrual tissue may lead to endometriosis at distant sites. [4] [5] [6] [7] Further, migration, engraftment, and differentiation of bone marrow-derived stem cells have been demonstrated to lead to lesions at distant sites as well. [8] [9] [10] [11] [12] Women with endometriosis often report symptoms outside the reproductive tract and separate from those associated with sites of known endometriosis. For example, endometriosis has been associated with systemic inflammation, [13] [14] [15] [16] [17] alterations in circulating immune cells, [18] [19] and inflammatory cytokines. [20] [21] [22] Endometriosis has been postulated to be a focal disease with systemic effects. We sought to determine in a controlled experiment whether endometriosis has systemic effects. Endometrial receptivity is altered in endometriosis. [23] [24] [25] We and others have described alterations in the endometrial expression of genes necessary for optimal receptivity seen in women with endometriosis. [26] [27] [28] [29] [30] [31] [32] Here, we sought to determine whether endometriosis remote from the peritoneal cavity would have a systemic effect. We looked at the ability of endometriosis outside the peritoneal cavity to alter uterine gene expression and wehther the effect would vary from that of peritoneal disease.
The Hox genes encode transcription factors that are involved in embryonic development are also involved in endometriosis. [33] [34] [35] [36] [37] Hoxa10 and Hoxa11 are essential for endometrial development during the menstrual or estrus cycle and to establish conditions necessary for embryo implantation in both humans and mice. 32, [38] [39] [40] [41] [42] The progesterone receptor (Pgr) is also clearly required for endometrial receptivity allowing embryo implantation. 24, 43 Kruppel-like factor 9 (Klf9), a transcriptional regulator of endometrial cell proliferation and differentiation, has been demonstrated to mediate progesterone signaling pathways in endometrial epithelial cells by its selective interaction with both Pgr isoforms (Pgr A and Pgr B). [44] [45] [46] Similarly, insulin-like growth factor binding protein 1 (Igfbp1) is expressed in the late secretory phase of endometrium under the influence of the Pgr. [47] [48] [49] [50] [51] Insulin-like growth factor binding protein 1 regulates the pathophysiological function of Igf1 in proliferation and apoptosis of endometrial cells. Aberrant expression of Hoxa10 in endometriosis results in negative regulation of Igfbp1 in the endometrium. 51 Here, we report the expression of these genes in the eutopic endometrium of mice with endometriosis near to or remote from the endometrium. We identify both a local and a systemic effect of endometriosis on the endometrium.
Materials and Methods

Induction of Endometriosis in Mice
Six-week-old CD1 female mice were purchased from Charles River Laboratories (Wilmington, Massachusetts) and kept under regulated conditions of light and darkness for 12 hours. Donor mice were used as a source of endometrial tissue for the creation of experimental endometriosis as described previously. 16 Recipient mice (N ¼ 8) were divided into 2 groups, one in which we created proximal endometriosis (in proximity of the uterus, ie, in the peritoneal cavity) and a second where we created distal-site endometriosis (remote from the peritoneal cavity). Peritoneal endometriosis was created by splitting the uterine horn longitudinally to expose the lumen. The 2 sections were sutured (Polysorb 4-0; Syneture, Norwalk, Connecticut, USA) to the parietal peritoneum on contralateral sides of the recipient mouse. Control mice (n ¼ 8) received identical laparotomy incisions at the ventral midline. The distal-site mouse model (n ¼ 8) was created by a subcutaneous subdermal incision at the dorsal portion of the chest. The 2 uterine sections were transplanted, and incision was sutured. Control mice (n ¼ 6) were created with identical subdermal incisions. After 12 weeks of endometrial growth, the whole uteri were collected from each group. The uterine horns were snap-frozen in Trizol reagent (Invitrogen, Carlsbad, California). Ethical guidelines were followed for the use of animals as established by Institutional Animal Care and Use Committee, Yale University, and the US Government Principles for Utilization and Care of Vertebrate Animals Used in Testing, Research and Training.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from the eutopic endometrium of mice using Trizol reagent (Invitrogen) and then purified with the RNeasy MinElute Cleanup Kit (Qiagen, Valencia, California) according to the manufacturer's instructions. Purified RNA (50 ng) was reverse transcribed using iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, California). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using SYBR Green (Bio-Rad Laboratories) and optimized in the MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad Laboratories). The specificity of the amplified transcript was confirmed by a melting curve analysis. The primer sequences used were described previously by Lee et al. 26 Expression levels of Hoxa10, Hoxa11, Igfbp1, total Pgr, and Klf9 messenger RNA (mRNA) were quantified, and the relative expression levels were normalized to b-actin. The relative gene expression ratio was calculated using comparative C T method (2 ÀDDCT ).
Statistics
Results are presented as mean + standard deviation (SD). Statistical significance was determined using 1-way analysis of variance with the Newman-Keuls multiple analysis. All statistical analyses were carried out using Graph Pad Prism 4.00 for Macintosh (GraphPad Software for Science Inc, San Diego, California).
Results
Altered Gene Expression in the Eutopic Endometrium Near Proximal Endometriosis Lesions
Expression of genes mediating endometrial receptivity was measured in the eutopic endometrium by qRT-PCR after 12 weeks of endometriosis induction in the peritoneum as a model of proximal endometriosis ( Figure 1 ). Hoxa10 mRNA expression was decreased by 3.78-fold (P ¼ .04) in the proximal model compared to the control mice without endometriosis. Hoxa11 mRNA expression was decreased by 2.11-fold (P ¼ .23). The expression of Igfbp1 was decreased by 3.63-fold (P ¼ .04) relative to the corresponding control. Kruppellike factor 9 gene expression was decreased by 3.06-fold (P ¼ .03) in the proximal endometriosis model compared to that of the control group. There was a trend toward decreased Pgr, however, no significant change in the mRNA levels of Pgr between the control and the experimental groups was observed.
Altered Gene Expression in the Eutopic Endometrium Remote From the Distal Endometriosis Lesions
To identify systemic effects of endometriosis, we measured endometrial gene expression in the distal endometriosis model. As shown in Figure 2 , there was no significant change in the mRNA levels of Hoxa10 (0.81-fold; P ¼ .37) in comparison to the corresponding control group. There was a trend toward decreased Hoxa11 mRNA expression levels (1.76-fold; P ¼ .08) when compared to controls, less pronounced than demonstrated previously when the lesions are located in the peritoneal cavity. The mRNA expression levels of Igfbp1 gene were decreased by 1.93-fold (P ¼ .02) when compared to controls. In contrast to Igfbp1 gene expression, the Klf9 gene expression was not significant relative to the control group (reduced by 0.84-fold; P ¼ .59). However, Pgr mRNA expression was greatly decreased by 12.44-fold (P ¼ .01) compared to the corresponding control group. Progesterone receptor gene expression was decreased to a far greater extent than other genes measured in the distal endometriosis model and more than in the proximal model.
Discussion
This is the first controlled experiment to describe a systemic effect of endometriosis. Endometriosis had an effect on the uterus even when located exclusively outside the peritoneal cavity. In general, the effect of remote disease was less profound than that of local disease in proximity to the uterus. An exception to this paradigm of effect varying directly with proximity was seen with Pgr. The most significant effect on uterine Pgr expression was seen with remote disease. Progesterone receptor may be more profoundly affected by systemic disease. Although the mechanism of the altered eutopic gene expression that has been widely reported in endometriosis is unknown, it must be mediated, at least in part, by systemic signals, and we speculate that the inflammatory response to lesions outside the peritoneal cavity may be greater and that systemic inflammation may have a significant effect on Pgr. Progesterone resistance has been well documented in women with endometriosis. The decreased Pgr gene expression may be tied to progesterone resistance that is a hallmark of more severe disease. Diminished Pgr is induced systemically and is predicted to allow lesion growth, escape from therapy as well as decrease endometrial receptivity. The systemic reduction in Pgr may allow lesions outside the uterus to escape progesterone-induced differentiation and allow the propagation of the disease.
Multiple mechanisms likely contribute to the altered gene expression seen in the eutopic endometrium of women with endometriosis. The systemic effect may be due to chronic inflammation as has been described in women with endometriosis. 52 Alterations in immune function and production of inflammatory modulators can have an effect far from the lesions. Similarly, we have reported an increase in circulating microRNAs in women with endometriosis. [53] [54] [55] MicroRNAs can regulate gene expression in organs remote from the site of production. In addition to classic inflammatory modulators, microRNAs are a likely mediator of the distant effects of endometriosis.
We have previously demonstrated that bone marrowderived cells contribute to regeneration of the endometrium. [8] [9] [10] [11] Endometriosis competes with the uterus for the very limited supply of circulating stem cells, thus restricting their availability to engraft the uterus. 12, 56, 57 Remote lesions will act as a stem cell sponge, attracting circulating stem cells and preventing their incorporation in the eutopic endometrium. The loss of stem cells prevents cellular repair of the endometrium and may contribute to altered gene expression.
Alternatively, cell trafficking from the lesions to the uterus may alter receptivity. We have also shown that cells from lesions of endometriosis are able to migrate through the circulation to the endometrium. 58 These cells undergo a mesenchymal Figure 1 . Quantitative real-time polymerase chain reaction (qRT-PCR) demonstrates Hoxa10, Hoxa11, insulin-like growth factor binding protein-1 (Igfbp1), Kruppel-like factor 9 (Klf9), and total progesterone receptor (Pgr) gene expression in the uterus of mice with proximal endometrial lesions compared to the control mice. We identified decreased expression of Hoxa10 (3.78-fold), Igfbp1 (3.63-fold), and Klf9 (3.06-fold) in the endometrium. Each bar represents mean + standard deviation (SD) for data from 3 individual experiments, and each experiment was performed in triplicate. *Statistical significance (P < .05) compared to the respective control. -PCR) demonstrates Hoxa10, Hoxa11, insulin-like growth factor binding protein 1 (Igfbp1), Kruppel-like factor 9 (Klf9), and total progesterone receptor (Pgr) gene expression in the uterus of mice with distal endometrial lesions compared to the control mice. Expression of Igfbp1 (1.93-fold) and total Pgr (12.44-fold) was decreased. Each bar represents mean + standard deviation (SD) for data from 3 individual experiments, and each experiment was performed in triplicate. *Statistical significance (P < .05) compared to the respective control.
to epithelial transition, however, they are not consistently incorporated in uterine glands or surface epithelium. Incorporation of epithelial cells in the uterine stroma interferes with the normal paracrine epithelial-stromal communication, altering uterine gene expression. Endometriosis, independent of location, prevents new stem cell incorporation to the uterus and acts as a source of cells that are improperly incorporated into the endometrium. These findings have clinical implications. These data demonstrate that endometriosis is a systemic disease. Proximity to the uterus is not required to elicit all of the deleterious effects on the uterus. Some effects are direct, and there were several genes whose expression was changed only when the endometriosis was near the uterus. 32, [59] [60] [61] [62] [63] [64] [65] Clearly, remote endometriosis had an effect on uterine gene expression as well. The remote effects were fewer and specific. The decreased expression of Hoxa10, Hoxa11, Igfbp1, and Klf9 in mice with proximal lesions was mostly in agreement with the results previously reported in murine endometriosis model by Lee et al. 26 However, we observed decreased expression of Pgr in contrast to the model by Lee et al in which PR-B expression was increased while PR-A was decreased. This discordant results with respect to Pgr expression between murine endometriosis models likely result from differences in the timing of tissue collection, however, we suggest that in both models, there is decreased PR-A expression. PR-A expression is the functional form of PR in the uterus and accounts for the decrease in both model systems. The correlation in the decrease of Klf9 and Pgr expression is in agreement with the results reported by Heard et al 66 and Pabona et al. 64 Future studies will include analysis of protein levels of PR splice variants as well as examination of human samples from women with extraperitoneal endometriosis.
Endometriosis has an effect on endometrial receptivity independent of location. Although we measured an uterine effect, endometriosis may affect other organs as well. Women with endometriosis often present with diffuse systemic symptoms. The lesions can affect remote organs that include the uterus and likely other tissues as well. The mechanism of this effect is not fully known, however, endometriosis has been described as an inflammatory condition as well as a stem cell disease. Endometriosis, perhaps through multiple mechanisms, likely has an effect on multiple organ systems and truly should be classified as a systemic disease. The nonpelvic manifestations of the disease are likely caused by the systemic inflammation or direct cell trafficking to remote organs.
In summary, we demonstrated that the aberrant expression of selected endometrial receptivity markers including Hoxa10, Hoxa11, Igfbp1, Klf9, and Pgr is influenced by the presence of endometriosis. Many of these genes were profoundly affected by disease located in the peritoneal cavity, suggesting a local and direct effect on endometrial receptivity. We also note a specific effect of disease located far from the uterus and the peritoneal cavity, demonstrating that endometriosis is also a systemic disease. Local and systemic effects of the disease both likely contribute to the clinical manifestations of endometriosis.
Future studies will further explore the mediators of these distinct effects. Understanding the cellular molecular mechanisms that are influencing systemic alterations may allow for a better understanding of the totality of this disease as well as allow for novel targeted therapies.
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